Abstract Oat kernels were extracted with methanol, and glycolipid-enriched fractions were prepared using silica solid phase extraction. Using direct infusion electrospray ionization (ESI) tandem mass spectrometry (MS), high performance liquid chromatography (HPLC)-ESI-MS, and HPLC-atmospheric pressure chemical ionization (APCI)-MS, we confirmed previous reports that digalactosyldiacylglycerol (DGDG) was the most abundant glycolipid in oat kernels and confirmed a previous report of the presence of a DGDG mono-estolide in oat kernels. In the current study we also identified several additional natural galactolipid estolides: two new DGDG estolides (di-and tri-estolides), two trigalactosyldiacylglycerol (TriGDG) estolides (monoand di-estolides), and one tetragalactosyldiacylglycerol (TetraGDG) estolide (mono-estolide). The levels of total galactolipid estolides in oat kernels were estimated to be about 29% of the total glycolipid fraction. To our knowledge, this report is the first evidence of natural di-and tri-estolides of polar lipids.
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Introduction
Although the major lipid components of most biological membranes are phospholipids, the most abundant lipids of plant chloroplasts are the galactolipids, MGDG and DGDG [1] . In addition to their occurrence in chloroplasts, MGDG and DGDG have been observed in significant levels in oat kernels and other seeds [2] . Smaller amounts of two other galactolipids have also been detected in some plant tissues; TriGDG has been reported in wheat [3] , potatoes [4] , rice [5] , Adzuki beans [6] , and pumpkin [5, 7, 9] ; TetraGDG has been reported in rice [5] .
Hamberg et al. [9] previously reported that oat kernels contain significant amounts of an unusual hydroxy fatty acid, 15(R)-hydroxylinoleic acid (avenoleic acid), and later [10] described an unusual galactolipid containing this fatty acid in oat kernels (Fig. 1 ), containing this fatty acid. The galactolipid was a DGDG with 15(R)-hydroxylinoleic acid esterified to the sn-2 position of the glycerol and a third fatty acid esterified to the free OH on the hydroxy fatty acid (Fig. 1 ). This ''acyl-DGDG'' is a natural estolide. An estolide is formed when a hydroxy fatty acid is esterified to another fatty acid [11] . Natural estolides are rare, but natural triacylglycerol estolides have been described in the seed oils of three species of Sebastiana [11] [12] [13] , in ergot oil [14] , in Lesquerella oil [15] , and more recently, in castor oil [16] . Synthetic estolides have been prepared from common vegetable oils [17] and from oils that contain hydroxy fatty acids such as those in Lesquerella and castor oil [18] . The current study employs HPLC-MS and direct infusion ESI-MS/MS to characterize additional unusual glycolipids in oat kernels and oat oil.
Materials and Methods
Materials
Oats (Avena sativa L., cv Morton) were grown in the field in Fargo, North Dakota. DGDG for HPLC standardization was purchased from Matreya, Inc., Pleasant Gap, PA.
Extraction of Lipids
Oat grain was dehulled with a Codema (Codema, Inc., Eden Prairie, MN) compressed air oat dehuller. Oat groats (caryopses) were steamed with a vegetable steamer for 20 min to inactivate hydrolytic enzymes. Enzyme-inactivated groats were ground with a Retsch (Haan, Germany) Z-200 centrifugal mill with a 0.5 mm collar screen. For polar lipid extraction, a sample of 10 g of flour was extracted in 50 ml of methanol in a 150 ml Corex (Corning, New York) centrifuge bottle. Solvent and flour were mixed thoroughly by vortexing and shaking the sealed bottle by hand. The bottle was centrifuged at 1,500g for 15 min to pellet particulates, and the supernatant was removed. The pellet was suspended in 20 ml methanol and shaken vigorously by hand to extract a second time. The bottle was centrifuged as before and the supernatant pooled with the first supernatant. About 15 g of sodium sulfate were added to the extract to remove traces of water, and the extract was filtered through Whatman (Middlesex, UK) #1 filter paper. Solvent was reduced to about 15 ml with a rotary evaporator, using an aspirator to draw a vacuum, with a water bath temperature of 42°C. The remaining extract was divided into three tubes and evaporated to dryness under nitrogen, on a block evaporator at 48°C. Samples were stored under nitrogen at -80°C until further fractionation.
Glycolipid Fractionation Via Solid Phase Extraction
Crude oat oil extracts (80-200 mg) were dissolved in chloroform/methanol (9:1, by vol). A silica SPE column (10 g silica in a 75 ml column) was equilibrated with chloroform, and the crude extract was applied to the column. Neutral lipids were eluted with 100 ml chloroform/ acetone (4:1, by vol). Glycolipids were eluted with 100 ml acetone/methanol (9:1, by vol), and phospholipids were eluted with 100 ml methanol [19] . Solvent was removed by a rotary evaporator under the conditions described above. Several ml of acetone/methanol (9:1, by vol) were added to Fig. 1 The structure of the DGDG mono-estolide (DGDG 54:6) reported by Hamberg et al. [10] each flask, and several grams of sodium sulfate were added to remove moisture. Solvent was removed by pipette and several more ml of solvent added to the flask and mixed before the solvent was removed and pooled with the first aliquot of solvent. The combined aliquots were filtered with Whatman #541 filter paper and evaporated to dryness under nitrogen, on a block evaporator at 48°C.
Subfractions enriched in the putative Tri-and TetraGDG were generated. Thirty to one-hundred milligrams of the total glycolipid fraction (eluted with acetone/methanol (9:1, by vol) as described above) were loaded onto a silica SPE column equilibrated with chloroform. Subfraction 1 was eluted with 100 ml of chloroform/acetone (1:1, by vol). Subfraction 2, which contained primarily DGDG and its estolides, was eluted with 100 ml chloroform/acetone (1:4, by vol). Subfraction 3, which was enriched in TriG-DG and TetraGDG, was eluted with acetone/methanol (9:1, by vol). Solvents were evaporated with a rotary evaporator, and samples were stored dry under nitrogen at -80°C.
ESI-MS/MS
An aliquot of the oat total glycolipid SPE fraction in chloroform was combined with solvents, such that the ratio of chloroform/methanol/300 mM ammonium acetate in water was 300:665:35 (by vol) and the final volume was 1 ml. This solution was introduced by continuous infusion into the ESI source on a triple quadrupole MS/MS (API 4000, Applied Biosystems, Foster City, CA), using an autosampler (LC Mini PAL, CTC Analytics AG, Zwingen, Switzerland) fitted with the required injection loop for the acquisition time, and presented to the ESI needle at 30 ll/ min. The collision gas pressure was set at 1 (arbitrary units). The collision energy, with nitrogen in the collision cell, was 84 V. The declustering potential was 215 V, the entrance potential was 15 V, and the exit potential was 17 V. The mass analyzers were adjusted to a resolution of 0.7 Da full width at half height. For each spectrum, 9-150 continuum scans were averaged in multiple channel analyzer (MCA) mode. The source temperature (heated nebulizer) was 100°C, the interface heater was on, +5.5 kV or -4.5 kV was applied to the electrospray capillary, the curtain gas was set at 20 (arbitrary units), and the two ion source gases were set at 45 (arbitrary units 71 nmol) ). By integrating data from the acyl precursor scans with those from the neutral loss head group scan, individual molecular species (i.e., with both acyl chains identified) were quantified.
ESI-MS/MS Product Ion Analysis
The structures of the galactolipid species were discerned by product ion analysis in the positive mode as [M + drying gas temperature at 350°C, vaporizer gas temperature at 325°C, capillary voltage of 4,000 V, corona current of 4.0 lA, and fragmentor at 80 V. For HPLC-ESI-MS, the column effluent was routed into an Agilent 1100 MSD mass spectrometer operated with ESI in the positive mode in the range of m/z 200-2,000, with the fragmentor at 5 V, drying gas at 6 l/min, nebulizing pressure at 50 psi, drying gas temperature at 300°C, and a capillary voltage of 5,500 V.
Reverse-Phase HPLC and HPLC-ESI-MS Method for Lipid Class Analysis
For the reverse-phase (RP) analyses the HPLC, ELSD, and MS parameters were as described above. The column was a Prevail C18, 3 micron particle size (2. indicates the total number of carbon-carbon double bonds in the fatty acyl groups. For example, the DGDG monoestolide previously reported [10] is abbreviated DGDG 54:6 because it is a DGDG with three 18-carbon fatty acids and a total of 6 double bonds. For clarification, nominal masses are provided in parentheses.
Results and Discussion
Normal-Phase HPLC-ELSD Separation of the Oat Kernel Glycolipids Indicated the Presence of Multiple Lipid Classes
In our previous report on oat kernel lipids, the levels of DGDG and phospholipids were quantified using normalphase HPLC with evaporative light scattering detection [2] . For the current study this HPLC method was modified by increasing the proportions of both isopropanol and water in the hexane/acetic acid/isopropanol/water system to .9 min in a, which has the same retention time as commercial DGDG, c spectrum of the peak at 23.3 to 24.7 min in a, which is tentatively identified as DGDG mono-estolide ( Fig. 1) , and d spectrum of the peak at 21.8 to 23.3 min in a, which is tentatively identified as DGDG di-estolide potentially permit the separation of very polar glycolipids (Fig. 2 ). As expected, DGDG (identified by co-chromatography with commercial DGDG standard) eluted at 20 min and was the major class of lipid detected in the total glycolipid fraction obtained by SPE (Fig. 2a) . A smaller peak eluting at 19 min was proposed to be the DGDG mono-estolide previously reported [10] . A very small peak eluted at 18 min; its retention time suggested that it may be a DGDG di-estolide. Two other groups of peaks also appeared in the regions of 26-30 min and 35-39 min, and based on their retention times as compared with those determined in previous analyses of more polar glycolipids in other plants [3] [4] [5] [6] [7] [8] , their structures were postulated to be TriGDG and TetraGDG, respectively. NP-HPLC-ELSD analyses of two glycolipid subfractions, also prepared by SPE, indicated that subfraction 2 contained higher levels of the 26-30 min series of peaks (Fig. 2b) , and in subfraction 3, these unknown peaks in the region of 26-30 min were the major components (Fig. 2c) . The small putative TetraGDG peaks in the region of 35-39 min in the total glycolipid fraction ( Fig. 2a) were also present in glycolipid subfraction 2 ( Fig. 2b ) and subfraction 3 ( Fig. 2c) . Identification of DGDG, DGDG Mono-Estolide and DGDG Di-Estolide Using Normal-Phase HPLC-APCI-MS APCI-MS was employed previously for the structural characterization of DGDG and other glycolipids in red bell pepper [21] . In that study, the major ions observed were fragments attributed to loss of digalactose (i.e., protonated diacylglycerol (DAG)) and loss of digalactose and one fatty acid (i.e., protonated monoacylglycerol); the precursor DGDG ions were observed to be of low intensity. Using an NP-HPLC system similar to the one in the previous experiment, APCI-MS in the positive mode was used to obtain structural information about the three DGDG peaks identified in Fig. 2a . In this experiment (Fig. 3a) , the HPLC conditions described in our previous report were used [2] , and DGDG eluted at about 26 min, whereas it eluted at about 20 min under the conditions used in the analyses depicted in Fig. 2 . The major peaks in the APCI-MS spectrum of the putative DGDG peak (Fig. 3b) were in the mass range consistent with DAG ions. The APCI-MS spectra of the putative mono-estolide ( Fig. 3c ) and di-estolide DGDG (Fig. 3d ) species contained ions consistent with loss of digalactose from each species, leaving fragments consistent with protonated DAG mono-and diestolides, respectively. Thus, the APCI data ( Fig. 3) support the tentative identifications of the three peaks ( Fig. 2a ), but stronger evidence was sought to confirm the identifications.
ESI-MS/MS Neutral Loss Scanning Reveals Digalactosyl Acylglycerol Molecular Species
Precursor or neutral loss scanning by ESI-MS/MS can be utilized to identify the lipid species within a lipid class [22] . ESI-MS/MS is the main tool employed in the new field of ''lipidomics'' and has been employed to characterize the ''lipidome'' of humans, other animals, and plants [20, [23] [24] [25] [26] . Figure 4a shows ( Fig. 4b-f ). These spectra depict the molecular species of DGDG and provide the total number of acyl carbons: total number of carbon-carbon double bonds. Figure 4b shows the NL 341 scan in the mass range corresponding to DGMG species; these peaks represent species with only one acyl moiety per molecule. To identify the individual acyl chains associated with the non-estolide DGDG class, as depicted in Fig. 4c , multiple acyl precursor scanning in the negative ion mode [20] , in combination with quantitative analysis of the DGDG class via the NL 341 scan in the positive mode, was carried out (Table 1) . Hydrogenated DGDG species were used as internal standards. The data indicate that two DGDG species, 16:0/18:2 and 18:2/ 18:2 accounted for over half of the DGDG. A little over 1% of the DGDG (non-estolide) species contained 18:2-OH, consistent with the presence of 15(R)-hydroxylinoleic acid (avenoleic acid) [9, 10] . Figure 4d -f shows that NL 341 scanning of the glycolipid SPE extract produced mass spectral peaks consistent with the identification of mono-, di-, and tri-estolides, respectively. Product ion spectra of specific mono-, di-, and tri-estolides of DGDG also were consistent with these identifications. The spectra suggest that some estolides are made up of multiple isomeric species. Figure 5 glycerol, one 18:2-OH, and one 18:2 fatty acid; the 16:0 fatty acid has been lost. These two peaks differ only in the amount of dehydration (1 dehydration for 615; 2 for 597). The peaks at m/z 591.7 (591) and 573.8 (573) likely represent fragments with glycerol, one 18:2-OH, and one 16:0 fatty acid; the 18:2 fatty acid has been lost. Again, these two peaks differ only in the amount of dehydration (1 dehydration for 591; 2 for 573). These four peaks may depict fragments originating from two different isomers of the DGDG 52:4 mono-estolide species. Figure 6 shows two possible structures for DGDG 52:4, one with 16:0 and an 18:2-OH/18:2 linked moiety each esterified to the glycerol (Fig. 6a) . Another possible structure has 18:2 and an 18:2-OH/16:0 linked moiety each esterified to the glycerol (Fig. 6b) . When the ammoniated digalactose head group and one fatty acid are lost during CID, the resulting structures can be stabilized by cyclization, by analogy to the structures produced during CID of triacylglycerols and phosphatidylethanolamines [27, 28] , resulting in different apparent amounts of dehydration (Fig. 6c-f) . Loss of the 16:0 esterified to glycerol, along with the head group, from the structure in Fig. 6a , can produce the ion seen at m/z 615.7 (615; Figs. 5, 6c). Loss of the 18:2 esterified to 18:2-OH, along with the head group, from the same structure (Fig. 6a) can produce the ion seen at m/z 573.8 (573; Figs. 5, 6d). The DGDG 52:4 isomer shown in Fig. 6b can fragment during CID in the same manner. Loss of the glycerol-esterified fatty acid, 18:2, along with the head group, can produce the ion seen at m/z 591.7 (591; Figs. 5, 6e). Loss of the 18:2-OH-esterified fatty acid, 16:0, along with the head group, can produce the ion seen at m/z 597.7 (597; Figs. 5, 6f). In comparing Fig. 6c with 6f or 6e with 6d, loss of ammoniated digalactose + loss of a fatty acid from the glycerol backbone results in one apparent dehydration, whereas loss of ammoniated digalactose + loss of the same fatty acid from the 18:2-OH-esterified position results in two apparent dehydrations. The peak observed in 1,131) [27, 28] . The peak observed at m/z 893.8 (893), by analogy to the proposed structures for DGDG 52:4 detailed above in Fig. 6 , most likely represents a protonated monoacylglycerol di-estolide, with two 18:2-OH groups and one 18:2 minus 1 H 2 O; 16:0, along with the head group, was lost from the glycerol backbone. The peak at m/z 875.9 (875) probably represents its isomer, a protonated diacylglycerol mono-estolide. The 16:0 fatty acid was most likely lost from an 18:2-OH linkage, resulting in an additional Similarly, Fig. 8 shows the product ion spectrum of the peak tentatively assigned as DGDG 88:8, a DGDG triestolide species containing the fatty acids 18:2, 16:0 and three 18:2-OH species. The ammoniated DGDG 88:
+ ion at m/z 1,769.4 (1,768) underwent neutral loss to the peaks observed at m/z 1,410. 3 (1,409) and 1,427 (nominal). These probably represent loss of an ammoniated digalactose (NL 359) and an ammoniated digalactose minus H 2 O (NL 341). Thus, the peak at 1,410.3 (1,409) lost the bridging glycerol-galactose oxygen and is probably a conventional diacylglycerol-like fragment [27, 28] . The peaks at m/z 1,171.6 (1,171) and 1,153.8 (1,153) are likely to represent a protonated monoacylglycerol tri-estolide with one dehydration and a protonated diacylglycerol diestolide with two dehydrations, respectively, with three 18:2-OH groups and one 18:2 each, by analogy to the proposed structures for DGDG 52:4 in Fig. 6 On the other hand, the peak at m/z 837.9 (837) may represent a free fatty acid protonated di-estolide species made up of two 18:2-OH and 18:2. The peaks in the range m/z 573.5 (573) to 615.7 (615) represent further acyl losses leading to species with two acyl chains. The peaks at m/z 615.7 (615) and 597 (nominal) probably represent protonated 18:2 and 18:2-OH esterified to glycerol, either a protonated monoacylglycerol mono-estolide with one dehydration or a protonated diacylglycerol with two dehydrations, respectively. The peaks at m/z 613.6 (613) and 595 (nominal) are consistent with a protonated fragment with two 18:2-OH esterified to glycerol with 2 or 3 
ESI-MS/MS of Trigalactosyldiacylglycerol and Tetragalactosyldiacylglycerol Species
The product ion spectrum shown in Fig. 9a (Fig. 9b-e) can be used to identify TriGMGs, TriGDGs, TriGDG mono-estolides, and TriGDG di-estolides, respectively. Similarly, in the positive mode, in solvent containing ammonium acetate, TetraGDGs underwent a neutral loss of ammoniated tetragalactose minus H 2 O (NL 665), and scanning for NL 665 displays species of TetraGDG and TetraGDG mono-estolide (Fig. 10a, b) .
Normal-phase HPLC-ESI-MS Evidence for the Structural Identification of Glycolipids and their Estolides in the Oat Total Glycolipid Fraction
Based on the numerous glycolipids and estolides that were identified by ESI-MS/MS (Figs. 4, 5, 7, 8, 9 , 10), we used Table 2 , and we searched for these ''extracted ions'' in the NP-HPLC-ESI-MS total ion chromatogram (TIC) (Fig. 11b) ; the results are plotted as ''extracted ion chromatograms'' (EIC) (Fig. 11c-h ). Early attempts to employ ESI produced very few ions, and it was only after we added ammonium formate to the mobile phase that we started to obtain good ESI spectra. + . Even with ammonium formate, the TIC for the normal-phase separation contained a very high background (Fig. 11b) . However, by examining the EICs, we were able to identify peaks that corresponded to the major [M + NH 4 ] + ions of: non-estolide DGDG (DGDG 36:4) (Fig. 11c) , DGDG mono-estolide (DGDG 54:6) (Fig. 11d) , DGDG di-estolide (DGDG 72:8) (Fig. 11e) , DGDG tri-estolide (DGDG 90:10) (Figure 11f , with an arrow indicating the possible location of this very small peak, which is consistent with the expected retention time for this hydrophobic DGDG estolide), non-estolide TriGDG (TriGDG 36:4) (Fig. 11g) , and TriGDG mono-estolide (TriGDG 54:6) (Fig. 11h) .
Reverse-Phase HPLC-ESI-MS Evidence for the Structural Identification of Glycolipids and their Estolides in the Oat Total Glycolipid Fraction RP-HPLC-ESI-MS was also employed to identify the glycolipids and their estolides determined above by ESI-MS/MS. The HPLC-ELSD chromatogram is shown in Fig. 12a . The major difference that was observed when switching to the reverse phase HPLC method was that the reverse phase TIC (Fig. 12b) contained much less background noise than the comparable normal phase TIC (Fig. 11b) (Fig. 12c-f) , DGDG mono-estolide (DGDG 54:6) (Fig. 12g) , DGDG di-estolide (DGDG 72:8) (Fig. 12h) , and DGDG tri-estolide (DGDG 90:10) (Fig. 12i) . The putative DGDG 34:1 EIC (Fig. 12e) likely shows both an A + 2 isotope peak of the more abundant DGDG 34:2 (coeluting with DGDG 34:2, Fig. 12d ) and (Fig. 12f) . The location of the peaks is consistent with the notion that the presence of an extra OH would cause DGDG 36:4-OH to elute early in RP-HPLC, but it is not clear which peak is DGDG 36:4-OH, nor is the identity of the lipids in the large broad peak at 40-55 min in Fig. 12f known.
Reverse-Phase HPLC-ESI-MS Evidence for the Structural Identification of Glycolipids and their Estolides in the Oat Glycolipid Subfraction 2
As noted previously, oat glycolipid subfraction 2 contained high levels of DGDG and moderate levels of the putative TriGDG peaks (eluting at 26-30 min in Fig. 2 ). The RP-HPLC-ELSD chromatogram (Fig. 13a) and RP-HPLC-ESI-MS-TIC (Fig. 13b ) revealed peaks at 10-20 min that appeared to correspond to non-estolides and peaks at about 20-40 min that corresponded to estolides. The retention times of the three major non-estolide DGDG peaks previously identified in Fig. 12c -e were labeled with arrows in Fig. 13b . The EICs revealed peaks that were tentatively identified as the major [M + NH 4 ] + ions of: non-estolide TriGDGs 36:4, 34:2, and 36:4-OH (Fig. 13c-e) , TriGDG mono-estolide (TriGDG 54:6) (Fig. 13f) , and TriGDG diestolide (TriGDG 72:8) (Fig. 13g) . It is unknown which early-eluting peak corresponds to TriGDG 36:4-OH in Fig. 13e . The EIC for m/z 1,282.9, corresponding to TetraGDG 36:4 (Fig. 13h) , revealed weak peaks at about 9 (marked) and 40-42 min; the peak at 9 min exhibits a slightly shorter elution time than TriGDG 36:4 (Fig. 13c) , consistent with expected behavior for TetraGDG 36:4 on a reverse-phase column.
Reverse Phase HPLC-ESI-MS Evidence for the Structural Identification of Glycolipids and their Estolides in the Oat Glycolipid Subfraction 3
As noted previously, oat glycolipid subfraction 3 was enriched in the putative TriGDG peaks (eluting at 26-30 min in Fig. 2 ) and contained a small putative TetraGDG peak (eluting at about 36 min). When analyzed [10] , but our data do not preclude the possibility that some or all of the estolides may be esterified at sn-1 via reverse-phase HPLC-ESI-MS (Fig. 14) , the EICs revealed peaks that corresponded to the major [M + NH 4 ] + ions of TriGDG non-estolide and estolide peaks as identified in Fig. 13 . The EIC of TetraGDG 36:4 revealed weak peaks at about 9 and 35-45 min (Fig. 14c ) that were slightly stronger than those observed above (Fig. 13h) . Based on its early elution time and the polar structure of TetraGDG, we speculate that the peak at 9 min is probably authentic TetraGDG and the peaks of less polar compounds at 35-45 min probably correspond to estolides with the same mass.
Estimation of the Total Amount of Estolides in Oat Lipids
The main objective of the current study was to provide structural evidence for the occurrence of several galactolipids and their estolides in oat kernels. In a future study we plan to report a comprehensive quantitative analysis of the levels of galactolipids and their estolides in several cultivars of oat kernels. However, we believe that it is important to estimate their approximate levels in this report to demonstrate that they are present in more than trace amounts. Using direct infusion electrospray ionization mass spectrometry we estimate that the oat glycolipid fraction contains: 58 mol% DGDG non-estolides, 25 mol% DGDG estolides, 8 mol% TriGDG non-estolides, 4 mol% TriGDG estolides, 0.3 mol% TetraGDG non-estolides, and 0.1 mol% TetraGDG estolides. Estolides therefore comprise about 29% of the total glycolipid fraction and 10% of the total methanol-extractable lipid fraction (based on the SPE fractionation yields).
Conclusion
We have confirmed the presence of DGDG mono-estolide ( Fig. 1 ) in oat kernels, as previously reported by Hamberg et al. [10] , and we have demonstrated that it is the most abundant estolide in oat kernels, but it is not the only estolide. Two larger DGDG estolides (di-and tri-estolides) (Fig. 15) , two TriGDG estolides (mono-and di-estolides), and one TetraGDG estolide (mono-estolide) were also tentatively identified. The amounts of various estolide species did not vary, regardless of whether the oats were steamed to inactivate lipases before extraction, as in this study, or whether the oats were extracted directly (data not shown). To our knowledge, this report is the first evidence of natural di-and tri-estolides of polar lipids.
